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ABSTRACT

The jet pump ia a device that compresses low-pressure fluid by
mgaﬁ: of a high energy jet. This device is simple, reliable and light
weight, and i{s attractive for various uses including eventual applica-
tion to boundary laver control for sircraft.

In this study the theoretical flow of a perfect gas through con-
stant pressure and constant area jet pumps is predicted by analyzing
the equations of continuity, energy and momentum. Of particular in-
terest is the effect of heating the high energy jet. The parameters
describing optimum heated jet pumps are determined. The ideal pumps
presented herein represent upper performance limits for actual devices.

Also included is a complete description and design of a facility
for testing heated jet pumps, Specific test configurations are analyzed,
and performance curves sre illustrated. These curves facilitate compari-

son between theory and experiment,
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cross-sectional srea

speed of gound at Mach Muxber equal unity
specific heat at constant pressure
specific heat at constant volume
nomentum coefficient

power coefficient

power-aomentus coefficient

heat coefficient

heat-mouentum coefficient
dismeter of duct

scceleration given & unit mass by unit force
static enthalpy

totsl enthslpy

length of duct

mass flow rate

velocity ratto, V/a"
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totsl pressure

heat

gas constant
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mass flow ratio, ﬁ\,/ﬁw;
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ratio of specific heats, cp/cv
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1. Introduction

A Jot pump is a2 device designed to drasv a given mass flow of fluid
from & low-pressure source and deliver it to a region of higher pressure
by maans of & high euergy jet of air. Basically, this analysis was under-
taken to investigate the theoretical operation of jet pumps, and to recom-
mend a test facility design to provide for the comparison of theoretical
and experimental data. The ultimate objective of this fnvestigation is
the eventual epplication of jet pumps to boundarylayer control on afr-
craft.

The jet pump is attractive for an applicatlog of this nature due to
its reliability, simplicity, and light weight. Also, this device can be
readily incorporated into a jet aircraft's power plant cycls. rdr cer-
tain conditions, such as full-throttle operation, it is conceivable that
the mechanical pover gvailable to the jet puap may be limited. Hence,
it 1s of interest to investigate if the mechanical power required for a
given application can be reduced by heating the primary jet air.

The theoretical anslysis of i{deal jet pump performance contsined
herein coneiders the effect of this heating. Constant area and constant
pressure mnixing processes are investigated. In all cases it is possible
to predict "optimum conditions" for specified jet pump configurations.
Since all losses except mixing losses are neglected, the results of this
study represent a performance limit that sctusl jet pumps can approach,
but never exceed. The final tlougta shown in Appendix C were deter-
mined by means of the Control Data Corporation 1604 digital computer.

This theoretical snalysis is an extension of the work i{nitiated by
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Yor any study to be complete it ig necessary to substantiate the
theoretical results by experimental dats. In view of tiigs fact, a -

design for s heated Jet pump test faciiity is presented, Several test

facility configurstions along with their msterial cost estivates are

included,
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2. Theoretical analysis

Definition of performance coefficients

A jet pump must be able to produce a required discl.arge momentum.

For this output, a certain amount of mechanical power and heat energy

must be supplied to the jet air. Reference 1 expresses the power and

heat inputs and discharge momentum as dimensionless coefficients. The

arbitrary reference dimensions chosen were fo. ambient air at sonic

velocity and the hypothetical area, AS' necessary to pass the dis-

charge from the jet pump st sonic velocity.

€.

Momentum coefficient
The momentum coefficfent is defined as the dimension-

less discharge momentum.

esAs Vs
Cur Facar M

Powsr coefficiunt

The power coefficient is defined as the dimensionless

power supplied to the primary air.

€, A3Y;
S T @
2y
whers A'. 1is the temperature change throuzh the
compressor.
Heat coefficient

The heat coeffirient is defined as the dimensionless

heat suppliad to the primary air.
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A“é
where AT, is the temperature change through the burner, .
Derived coefficients )
It is convenient to compare the mechanical power and heat energy *
to some significant parameter of the jet pump i{n order to determine the .
effectiveness of any design. The reference parameter chosen was the
discharge momentum of the jet pump. By dividing the power coefficient
and the heat co2fficient by the momentum coefficient, it is possible to .
obtain derived power-momentum and heat-momentum coefficients. ‘
Cpx-S_a LAV ol o, aT L
™ Cu " T6sAsVs Vs &Ewi'; * . ;
A
t:

- = -OAN » AT;
ComEom = A ¥ ""‘1"%7_ (5)

It is shown in Appendix A that C,, , Cow » and C.. can be re-

»

e

duced to the following:

B {1 - B 7 " ®

ey
-
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Py

c . L H ,
[ " Te- GF] " Vo tady @

vhere X 1is the mass flow ratio, rh, /m,.

g
!
t
g

Equation (6) shows that C, depends only on the discharge total
pressure ratio, R ,/ P,; . In particular, C, 1is independent of the

amcint 2{ heat supplied. By specifying the desired ocutput pressure

ratio, P,,/Ra » the required (,, is determined. R
]
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Consider the case vhere R, /R, , T, /%, =i R, /R, sre
fized. Equation (7) shows that under these conditions C,, and C,,
- will be 2 minimum vhen the meass flow ratio, x , is 8 naximm. It is

noted that Bquation (7) is invariant for ioth the constant pressure snd

constant area cases, although the maximum value of % may differ in the

two cases.

F In a sense, Cp, 1is a measure of the compressor power required and £
Cou 18 & measure of the heat energy required. Similarly, C, is a
measure of the demanded discharge momentum. Any improvement in design

; and performance should be reflected by a decrsase in power snd/or fuel

requirements. Therefore, as may be seen from Rquation (7), a necessary
and sufficient criterion for optimum performence is that the mass flow
ratio, X , be 8 maximum. Henceforth, an optimm pump is defined as one
that has the maximum possible X for specified values of Pn/ R, »

. Ts/Teo o, and R,/R, . It will be shown later that under these
conditions sn cptimum pump corresponds to s specific ares ratfo, A,/A,.
Any other velue 0f ares ratio will produce less than the maximum pos-

#ible nass flow ratio.

' ' Rfficlency
Another performance parsmeter of some interest is the machanical
efficiency which is, of course, bzsed on snergy considerations, namely,
Ny = Pinal svailable ene sentropic)
. " Initial aveilable esergy ixnntrcpic)

o He -
72. = m“Hg

11
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It is shown in Appandix A that the above definition i{s reducidble to the
result: '
= L= (Be) Y (x+Jn) ® ]
[ ]
from Bquation (8), Nn » 1ike tha other performance parameters,
will be optizmum when % is & maximum for specified ccnditions of pressure

and temperature rstio.

Constant pressurs development
This analysis is an optimization of the performance of the constant )
pressure heated jet pumps which were described in Reference 1. A typi- ‘

cal constant pressure mixing jet pump is shom in Figure 1 along with

the associated h-s disgram. The basic development of the constant 11
pressure case is from Reference 2, ’rhi many details of the development .
are contained in Appendix A, ‘

The usual isentropic celationships were used to solve for condi-
tions in the primary (jét} systen and in the secondary system up to the
mixing tube entrance. It is also assumed that the specific heats remain
constant,

The three basic equstions that have to be satisfied for constant

pressure aixing ( p,e 'R ) axe continuity, energy, and momentum.

Continuity:
hy #my = 1, (9

Energy: o
MHy + MyHy = rgHy (10) !. "

Momentunm: - :
(rhy thy) Vo = (i * MaYy) = (py- o) Ag an

12
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It is noted that the resultant presgure forces in Equation (11) are sero
when the velocity in the primary nozzle {is subsoniec.

The equations of coantinuity, snergy, snd momentum can be expressed
in non-dimensional terms. This development is shown in Appendix A.

Continuity:

A [ 0@ x) Jg‘u g’l HM3
ALz yftte m( )§(#)'JWII S YT }.g:, a2)

Energy:

Ja -

Rr 2 = (uz)q.‘::. (13)
Momentum:
vhere,

{ - (&g)[ b ue ]7'1}

By fixing P, /Ro , Tes/ %, » Rs/R, , amd MY, it 1s
possibls to obtain an explicit solution from Equations (12), (13), and
(14) since thers remains only three unknowns ¥ , Tp4 /Te, , and A./A, .

Equations (13) and (14) are solved simultareously for X and
T4/ Tt, . By eliminating Ty /T, between the two equations, the

following quadratic equation in % is obtained.

=~ mr%)x s {(% M2 My (s g)}z ’&2"‘ -(M1+gf}=o 15)

Equation (13) can be solved using the quadratic formula

x-:_b‘t‘\lb‘ =dac
2o.
13




vhere
a = M- upd
b o= (Fe )M - 2[ENT (M 8)
¢ =-'.§L{M‘"-(M.'*§)z}

te

Since the mass flow ratio, % , must be positive snd real, one
1imiting condition is that b2-4au: 20, Yor all cases investigated this
condition is satisfied. Other limiting conditions sre M;” % 10 and
MS % 10 etnce the primary and secondary nozsles are enly converging,
aot couverging-diverging., Both roots of Bquation (15) were detarmined.
One of thess was negative and, therefors, was discarded as meaningless.

Prom the solution of Bquation (13) it was possible to determine
Tay /G, from the energy Rquation (13) and Ay /A; from the continu-
ity Bquation (12). A,/A; can be solved directly froa the mass flow
ratio. .

The computer was used to obtain solutions to Equatiocns (12), (13),
amd (14). The parmmetess P, /Ry » Toy/Tte » Rs/Fe » 04 M
were varied systematically to obtain families of constant pressure pumps.
The optimum pump from each family was determined, Appendix C contains

solutions for each cpt/mux pump for the conditions specified.

Constant Area Development
Thie enalysie iy an investigation snd optimizeticom of the {deal
flov of a perfect gas through a constant ares jet pump. Figure 2 shows
8 skatch ud a ;cﬁgnl h-» diagram of a constant area pump. This fig-
wre indicates the notation to be used to denote station locations through-
out this development.
14
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Much as before, this analysis involves the solution of the continue
ity, energy, and momentum equations. These equat.ons may be written in

absolute form as follows:

Continuity:

thy, + m; = m, (16)
Energy:

meHy ¢ mgHy = iy H, (7)
Momentum:

ma Ve = rhpV, =iyl = Pahr ""PaAs A 18
It {s shown in Appendix A that the above equations can be non-dimension-

alised to yield the following relationships:

Continuity:

YoM *&fj% ¢(M37) = (t+g)-&3j%? My a9
Energy:

wcm:%—%jﬁ*:cp(m:) = (e R L= oM 0
Momentum: '

YD) + B gn)) = (1ey) Byomg ()

where:
| pMM = (1 - M m
YD = (4 - FEMHFT(L ey
and y is the area ratio, A,/A, .

The development of Equations (19), (20) and (21) is from Reference
2. A sinilar development is included in Reference 1; However, sn ervor

15




- zatio, M_.’ -+ Thu final equation solved is & quadratic in terms of M:. X
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wvas found in Bquation (37) of Reference 1 rendering incorrect solutions
for the constant area cass presented therein,

It {s assumed that the parszetors RAvi/Pw , Toi/To , and .
RAs/Prc  are given. Values of the secondary velocity ratio, M.,
are systematically chosen. Once M, s fixed the primary velocity !
ratio, M’ , cen be determined as shown in Appendix A. The remsinder
of the problem regolves {nto a solution of Equations (19), (20) and (21)
for the unknowns M." ,ymd T/Tee ; md satisfying the dboundary 4
condition that the value of Re/Ro so obtained must equsl the value u v
originally specified for Pve/Reo .

Since the resulting relationships sre transcendental, it is neces-
sary to solve the squations by {terative procedures. It is thersdy

poseidle to achieve solut’ons for numercus families of constant area

heated jet pumps,

The routine employed to solve the esquaticns is to choose increment- )
sl values for M,® . Choosing M: fixes all the known parameters not ,

previously specified. A trial value of the ares ratio, y, s assumed.

The mass flow ratio is then solved by the relsationship:

2% = thy /iy = y B2 T Hﬁ:} D

S CERE-J

i

Bow it is possidble to solve for the discharge total tempesrature ratio,

14

Tta /Téo , by ueing the ec:aiions ’:’
. Te o Z ¢ TW/R ' :?
- - Zf: . (2 } |

e W

This procedure det.rmines sll the parameters except the exit velocity

B L AN

16 |
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M| [ 4PMD) s (R/PGVHE BN g
T+ME T YwiM) + (RU/Pee) ¢ (M)

The above equation gives a supersonic and a subsonic solution for M: .

Por this particular analysis (i.e., M: and M:‘ L and constant erea

mixing), the superscnic solution for Mf is meaningless. This runs» to

say that M cannot be supersonic for a constant area pump when the -
let velocity ratios, M and M} , are limited to one or less. However,

the supersonic solution of M4"’ may be of interest if M: and/or M:'

are greater than one,

The preceding procedure gives a solution to the equations; however,
it is also necessary to satisfy the boundary conditions. The resulting
exit totsl pressure ratio, Ptq/ Ro , 18 checked against the desired
discharge total pressure ratio, Ps/Peo . 1f these quantities are not
equal, the area ratio is sdjusted in order to achieve the necessary
conaitions at the end of the mixing section. This process is repeated
to determine families of constant area jet pumps.

Figure 3 shows the performance curves for two families of constant
ares pumps, As defined previously, the optimum pumps are those which
schieve a maximum mass flow ratio for given values of Ri/Pro ,

Ts /Teo , and Res/Peo. 1t 1s observed that optimum conditions

are reached in two different ways for the constant area case.

Again referring to Figure 3, curve A passes through a& true mathe-

! matical maximum in the sense that -ﬂ%i'ao . This curve shows that as
M: increases the mass flow ratio increases up to a maximum and then
decreases. This situation will be referred to as case A bereafter,

Curve B shows the other limiting case of the constant area system,

17




This curve incresses up to & point of mavinun ~ass flow ratio snd eimply
ceases. This phenomens is not clearly understood. Constant area pumps
that reach optimum conditicns in this manner will be known ss cuse B.

The computer soluticns in Appendix C contain s ccaplete set of opti-
BuR constant area heated jet pumps for the conditions specified. The
non-starred optimm pumps correspond to case A, and the sterred pumps
are lhtt.cd in & manner {llustrsted by case B. These results will bde

discussed fn a following section.

Discussion of Thecretical Results

One significant indicatin of the performance of a jet pump is the
amount of energy that must be supplied to produce the dischargs momentum
demanded. The coefficlents C,. and C'. are ¢imply nuabers indicating
the energy supplied; and the coefficient (, 1s a measure of the dis-
charge aomentun required. These coefficients show the effect of chang-
ing the parameters Pu/Pe , T /Tto , and Ps/Po .

Figures & through 9 are graphe of Cpy compared to (qu for femi-
11es of optimum constant pressure and constant ares jet pumps. These
graphs are basically maps formed Dy curves of constant supply pressure
and temperature ratios. Oune of the most sfgnificant results fllustrated
by these naps {8 the trade-off detwsen the heat energy and compressor
power necessary to produce the desired C, .

Yor exmsple, eonudu: Pigure 4. 1If the supply pressure ratio is

fixed, Cpy decreases as the supply temperature ratio increasss. This

iadicates that the ¢ompressor powsr required s reduced by heating the
ptimagy gir. Conversely, for a constant tempersture ratfo, Ceu fs

18
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reduced as Pri/Ro is increased. For the highest tezpersture ratio
and the lowvest pressure ratio, the compressor pover is minimal, It
is also observed that the greatest incremental decrease in Cpy occurs
between texpersture ratios of 1 and 2 along lines of coastant pressure,

Now considcr the sequance of Figures & through 6. It can be seen
that as the momentun coefficient demanded is increased, the maps tend
to move up and to the right. This, of course, corresponds to higher
supply energy requirements. Also, it is noted that the effect of heating
is greater as the demand on the pump 1is increased.

Figures 10 through 15 are grephs of maximum mass flow ratio versus
M:' . These maps 1llustrate the performance limitations of the pumps.
It must be understood that each point on a map represents a diffefent
pump. Therefore, any one curve provides an array of ideal deoigﬁ pos-
sibdilities. This should not be confused with the perfomance variation
dus to changing operating conditions of an i{ndividual pump.

Each map shows that as Teu/Tio 1s increased along lines of con-
stant Pu/Pro , the maximum mass flow ratio increases. This increase

is greatest up to a temperature ratio of 2, Beyond this temperature

~ ratio, the effect of heating is less apparent.

Figures 13 through 15 are performance msps for optimum constant
ares pumps. The lines of constant temperature ratio are continuous;
however, there are points of discontimuity in the slope of esch line.
The dashed curve connecting these points divides each map into two dis-
tinct regions. The lower left area of the map corresponds to a flow
limitation as shown by curve A of Pigure 3. The area to the right of
the dashed curve exhibits a flow cut-off similur to that {llustrated by

case B. These figures also show that the secondary mass flov rate
19
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( "7":.) decreases as the dlscharge total pressure ratio increases.

Appendix @ contains the solutions of the computer programs for the
constant area and constant pressure cases. Rach line of dats rep.esents
the paresretcors defining one optimum pump. T.e momentum coefficient is
coustant for each page of data. Area, velocity, and temperature ratios
were included ir these results to provide additional eriteria for jet

~ pomp design. The results show that for a given (y emd Tir /Teo , the

discharge total temperature ratio can be decreased by increasin? Ri/Pea.

This fact could be an {mportant consi{deration in choosing the material
for the mixing tube section.

The h:portant effect of heating the primary air to decrease the
canpressor power required has been shown. It must be realized that
these are idealized cuo‘n that represent the max{mum performance attain-

sble. Actual jet punps can approach but never axceed thess limits.

Pixed Area-Variable Discharge Pressure

The finsl theorerical snalysis considered is to investigate the
operating charscteristics of jet pumps with a fixed area ratio ( A.,/A; ).
By systematically varying the supply pressure wl temperature ratios, it
is poss.ble to predict the envelope of operation for a given pump config-
'-ntion. These pradicted values are again based on ideal conditions;
thersfore, they represent the naximum performance attainsble.

The fundamental objectives of this snalysis are; first, to marry the
previously diocuu‘c'd'.chooty to an sctual hardvare design; second, to
determine the design limiting parameters such as size, available com-
pressor power ard material limitations; and finally, to predict the per-

formance curves of the jet pumps designed.

20
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The theory of tl.e ideal flow through a fixed area pump is similar
tc the analysis discussed in the constynt area gection. However, by
fixing the area ratio ( A,/A; ) and atlowing R/, to vary it 1s pos-
sible to obtain explicit solutions for the equations of coatinuity,
energy snd momentum., Appendix C contains an example of the cdata obtain-
ed from the computer program used to predict each pump's performanca,

The constant area system is selected primarily due to its relative-
1y sinple mixing section do_stgn. The supply temperature ratios are
limited to three or less, and supply pressures are investigated up to
ratios of 2.4, Mixing tube dismeters of four, five, and six inches zre
chosen., This choice is predicated on the nominal pipe sizes available.
The prirary jet nozzles are designed to give a good spread of area
ratios ( A,/A; ). The final result is nine different jet pump con-
figurations. The table below shows the area ratios of the jet pumps

investigated,

NOEZLE £XIT DIAMETER
200" | 225" 260"

4 3.000 | 2.160 | ).367

5250 | 3.938 | 2.698

6" |leocoo | 6111 | 4325

MiIXING TUBE DIAMETER,
n
*

Table 1. Area Ratios Selected For Proposed Design

Figures 16 through 24 show the predicted operating maps for the nine

21
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fixed area pumps considered. These curves are prepared primarily for a

quick ccmparison of theorstical and experimental results. Consider the

pump with an area ratio of 2,16, shown on Pigure 16, Assuma that Tét./‘ren
= {10, R /Pro = 1.6 and the back pressurs ratio ( Rr/Po ) s

sdjusted to 1.2, IEntering the map with these values predicts a mass

flow ratio of 1.07. Now if the primary fluid is heated to Tts /Teo = 3.0,

tt‘e.n be seen that the mass flow ratio increases to 1,33, This is an-

other example of how heating favoradbly influences the performsnce of &

jot pump.

It must be clearly understood that thcse mass flow ratios are simply

nppir performance li-.its. Actual jet pumps will not resch these values

due to friction ard secondary mixing effects.

Theoretical conclusions

-For fixed input snd output conditions, all performsnce parameters
vary fmrcbly;vith an incressing mass flow ratio,

For fixed supply and demand conditions, there is one and only one
area ratio, A,/A; , that will produce the max{mum possible mass flov
ratic and hence the dest all arcund performance.

Resting the primary air decrsases the compressor power required,
1i.e., there 1s s trade-off betwsen heat and power.

The optimum pumps are {dealised cases that represent the maximua
performance attainable, Actual jet pumps can approach but never ex-
ceed these limits,

The ordinary idsas of efficiency are not necessarily decisive in

the spplication of this device to boundary layer control.
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3, Jet Pump Test Facility Design ' S S

The test facility proposed for studying heated jet pump opersticn
is shown in Figure 25. Basically, it consists of (1) a primary flow
systea for supplying jet air at : desired pressure and temperaturs; (2)
a secondary air supply system; (3) a set of interchangeshle eonverging
jet nozzles; and (4) the constant area mixing tubes.

The test apparatus was designed to be s fixed installation ex-
hausted to the atmosphere, The pricaiy puspuvee Of this facili.y is to
provido fundemental information on Jet pump design parzxeters, and to

establish correlation between experimental and theoretical datas.

Primary Air Supply System

The primary flow section includes the compressed air supply and
fuel supply systems and the combustion chamber assembly. The purpose
of‘thc primary system is to provide heated compressed air to the jet
pump.

The flow of compressed air to the jet pump is controlled by means
of an electrically actuated butterfly valve, 1t may assume any position
between fully closed and fully opened., Thus, this valve controls the
pressure of the primary fluid downstream.

After passing through the throttle valve, the compressed air flows
into the primary system plenuam chamber. The dimensions of this reservoir
are arbitrary; however, the chamber must be large enough to serve as a
settling tank.

The compressed air leaves the plenum chamber and passes through a

square-edged orifice installad in the four inch mild steel exit pipe.
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This orifice messures the flow rate of the primary sir, M. . The
compressed air is then directed into the burner ascemdly.

The burner unit is a smsll csanuiar combustion chanber obtained from
sn suxiliary gas turli.ne comprasaor usea for stsrting jet sircrafe
ozl gs. The fuel noszle <‘after plugs and the flln;c tube are integral
parts of the burner unit, The operating range imposed on the jet pump
(1.0., Pu/ReS24 md Tes/Tio £30) 1s well within the capadilities of
the combustion chamber.

Fuel is supplied to the burner from a pressurized fuel tank. The
fuel pressure is maintained constaent by means of a pressurized dottle
of inert gas. Puel flow is manually controlled by a nesdle valve in-
stalled in the fue) supply line. This valve sets the fuel/air ratio and
is the primary means of controlling the total supply temperature, T .
The ignition system conaists simply of two 12 volt storsge batteries
econnected in series and an ignition control ewitch.

After the primary air 1is heated, it pu;u through & 17 inch sec-
tion of 5 inch stainless steel pipe. This pipe section is inserted {in-
to the secondary air picnun chamber and provides a male fitting for the
primery !st nozzle. Total supply tempersture and pressures are measured
by means of s fixed Kiel-temperature prode. These two valuss combined
with the flow rate are the parsmeters of prime importance {n the pri-
‘mary supply systes.

The primary air then passes through e converging nossle and is
ejocted inte the mixing tube section. The thrae irtischangeadble nustles
designed sre shown on Figures 26 through 28. These stainless steel nos-

sles must be machined with close dimensional control and polished to
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a mirror finish. Thay are tapered to ensurs unifora flow of primary snd
secondary sir a3t the -iiing tube entrancé. A lubricant, such as “silver
goop,” should be applied to the nozzle threads pﬂ.or to installation.
‘t'nirutcrici prevents "walding” at elevated temperatures.

Secondary Air System

The secondary air system sirply providss a means to measure the
secondary air flow rate, M, . Basically, it consists of an airtight
pleam chamber and the associated piping and fittings for a mass flow
determination. | ) '

Tigure 29 shcws the proposed secondary air plenum chamber. The
reservoir is constructed of 12 gage sheet steel. Standard flanges are
used for sll piping ccnnected to the chazber. Cars must be exsrcised
during fabrication to ensure the airtight i{ntegrity of the plenum. Any
leaks in the plenum will render the secondary air mass flow measurement
inaccurste. ‘ _

The sligmment of the primary air supply duct and the mixing tube
section i{s important. In order to schieve the desired results it is

necessary that the jet nossle and mixing tube centerlines coincide.

Mixing tube
The length of the mixing tube must be such that optimum mixing is
sccomplished. Three tubes ars available with dismeters of four, five,
and six inches. Rach tube cmsists of four, 24 inch pipe sections which
provide for length to diameter (L/D) ratios of 4.3 to 24, L is the length
of the mixing tube downstream of the nozzle exit.
" The maximum wall temperature attainable fs 1100°F; therefore, a

heat resistant alloy is advisable. Type 304, schedule 40 stainless
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steel wvhich has a'ulttng range of 2550-2650°F and a scaling temspera-
ture of 1sso'r‘|m selected as & suitable material, With careful at-
tention to the d!uharp total presgure for fixed supply pressure and
temperature ratios, it would be possible to hold the tempersture in the
aixing tube low enough so that a mild steel or aluminum could be used,
Thie 1is considered to be an additional cx-potiuntal burden that can be
alleviated by using stainless steel throughout,

One of the simplifying assumptions was to neglect wall frictto:;;
therefore, the {internal surface of the mixing tube is to be polished
to a smooth surface to ;iniﬂ.n frictional ioun. Consequently, there
should be closer agreement between theory snd experiment.

By taking temperature snd pressure resdings along the mixing tudbe,
1t is possidle to determine where optimum mixing is achieved. Any addi-
tional length will only cause s net additional loss in head due to fric-
tion. Many of the derign questions concerning optimum length of the
sixing section can be snswered only by oxpirhuntntiou and by investi-
gotion of the kinetics of the mixing ;woeou'tn wvhich all effects are
econsidored.

As shown in Pigure 27 an oversized flange connects the mixing tube
to the secondary air plenum chamber. Attached to this flange is a bell-
mouth annulus machined from hot rolled steel. The converging secondary
nossle is formed dy this annulvs and the exterior of the primary jet
nozsle, ) ;

The thres mixiag tubes can be interchanged and may be weed with each
of the primary nossles. This flexibility provides for experimentsl tests
of nine difforent jet pump configurations.

In an actual spplication, 8 diffuser would, of course, be used at
26
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the end of the mixing tube to bring the mixed fluids gradually to atmos-

pheric pressure, Por the purposes of the present research, separate dif-

fusers were notvdenlgned due to the many varying operating conditions and
physical configurations.

‘ The mixing tube is supported by three stanchions similar to the one
fllustrated in Figure 30. Each stanchion has two turnduckles which allow
alignment .a the vertical and horizontal planes.

. The handling cart shown in Figure 31 will be used vhenever it is
necessary to change the mixing tubes. Two carts of this design would
be desiradble to provide the versatility prescribed for the test facility.
The carts are made almost exclusively of aluminum channel snd angle stock.

The maximum design load is 1000 1bs.

- " Instrumentatioa
A typical 24 inch mixing section with the asscciated instrumenta-
tion is shown in rigurg 32. Each section contains six static pressure
taps. These taps are located at four inch intervals along the entire
nixing tube. 8ince the assumption is made that a constant static pres-
sure exists across each cross section, the static pressure is measured
only st the mixing tube walls.
Total presgure and total temperature readings are to be taken with
8 Kiel-temperature probe. These readings can be taken at any of eight
different stations along the mixing tube. At each statior there are two
o probe fittings which permit transverse surveys of temperature and pres-
sure along either of two digmeters.
The mounting plates shown at each station support the receiver con-
taining the Kiel-temperature probe. The receiver 1|.nnchan1cally

27




controlled remotely by & trans=itler. This trangmitter controls the
transverse and angular movement of the probe.

When taa prode is fuserted in one of the probe fittings, the re-
maining holes sre plugged. These plugs are michined to be flush with
the inside walls of the mixing tube.

A dutterfly valve is installed in a pipe section after the mixing
tube to regulate the discharge total pressure. A second Kiel-tempera-
ture prodbe 1s availadle to be installed at the end of the mixing tube to
stasure this pressure.

This test facility provides the means to- determine the primary and
secondary mass flow rates. In eddition, velocity and temperature pro-
files may be determined along the length of the mixing tube, thereby

enabling determinstion of an optimuam mixing length.

Mass flow measurement

It has been shown that one of the most important performance para-
meters {s the mass flow ratio, M, /h, . Pigure 33 shows the instal-
lation of two square-edged orifices. The orifice plates for the primary
and smbient air supply have holes of 2.5 end 3.75 inch dismeter respec-
tively. They are instslled in eslip-on, dutt welded flanges which have
pressure taps meeting ASME gpecifications. The two flange taps are
sonnected to s water filled manocmeter doard where the pressure differ-
ence  ,.A,, 16 measured. The gage pressure P} , and temperature t; ,
must be measured ahesd of asch orifice.

ASME requirements prescride a minimum straight pipe length ahead
of and dehind an orifice for a flow rate measursment. The straight
pips length chov'n in Pigure 25 exceeds the minimum requirements; there-

fore, it 19 not mecessary to install flow straightaners.
28
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Reference 3 conteins allhnecunry equations for dstermination of
the flow rates.
Cost estimate ' ¢
The coot estinate is based on the following agsumptions:

8. No old material will be ugsed excopt the burner and fuel
supply syaten, pressure and texperature ge3ss, sad wano-
meter boards.

b. HNeat resistant alloy is necessary in thse mixing tube.

- ¢, All machining and fabrication can be accomplished by
shop personnel.

d. Three noszles and three mixing tubes are necessary to
check a range of configurations.

Two cost estimates are provided:

&, Total material cost with
remote alectrical control: $5555.42

b. Total material cost with
remote machanical control: $4787.42

The total man-hour labor estimate is 362 hours.
The material cost could be reduced consideradbly if only one nozzle
and one mixing tube were used. This is shown in the following estimate:

8. Total material cost with
remote slectrical control: $3734.08

5. Total material cost with
ramote mechanical control: $2969.08

A minisua cost estimate is provided based on the following assump-
tionss
8. One nozzle and one mixing tube will be used.
». The mixing tubs consists of two, 24 inch mixing sections
29
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instead of four.

Handling certs are not required.

The supply tempersture ratio is raduced to Tgy /T, =2.0.
Therefors, stainless stael could be replaced dy mild
steel.

Manual controls are used fnstead of electrical.

As much old material as possible will be used such as
plastic tudbing, wall taps, copper tubing, coaneclors,
preasure plugs, burnsr snd fuel supply system pressure
and temperature gages, and mancmeter boards.

Your inch pipe will be usad {n the mixing tude.

The total minimum material cost is $1601.50.

An itemised cost estimate is contained in Appendix B.
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&. Recommendations for further study ,

At this stage of the tnveatign.tion, the mst assential require-
ment s to build the test facility described in this report. If this
is not feasible at the present tims for economic or other ressons, &
further theoretical analysis would F.-bc useful to study the effects of
wall friction and incomplete -1:1:;:: These analytical studies should
also include the effects of variable specific heats. .

A further recosmendation is to proceed with the preliminary design
of an experimental boundary layer control system utilizing such a heat-
od jat pump.

It also would be of interest to investigite the performance of a

heated jet pump with a converging-diverging primary nozzle,
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RIDDER | USNPGS DEPARTMENT OF AERONAUTICS | FIGURE 4

SUNMERS | TYPICAL ENTHALPY ENTROPY DIAGRAM FOR

| APRIL 1966 | A CONSTANT PRESSURE HEATED JET PUMP
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RIDDER USNPGS DEPARTMENT OF AERONAUTICS FIGURE 2

SUMMERS

TYPICAL ENTHALPY-ENTROPY DIAGRAM FOR
A CONSTANT AREA HEATED JET PUMP
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APPEINTIX A

Detailed Dewul-.m =ik

1. Preliminary relationships

The preliminary relationships er. similar 2o those o* Reference
i. All velocities are arbitrarily expresscd in terms of the dimension-
less velocity ratio, M* . Tuiz zetio is obtained by dividing the
flow veiocity, J/, by the reterence velocity, 2* , which {3 the speed
of sound at sonic velocity. The Mach number, M, is equal to M* at
sonic velocity md in all cases aM=0a”M*, M* ig also proportional
to a finits .ol:-ity ut sll abaolute temperatures.

The following equations are usad throughout the developmert:
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My = €A Vs
ot Falr
P egRT

2. Performance coefficients
8, Momentum coefficient

The momentum coefficient is defiiad as thes dimensionless

momentum:
€ AcVst
Cu = oA 0t (a-1)
° o
Substituting a,*° Ms** for Ve
/\ . ;'f '
Cu = “Q‘"@jr*ﬁ—:d}f . (a-2)
[ ]
Now @, a,"‘ M,'g can be written
[ ] 3 e 2 2
6 a" M= r eraltM -3
vhere .
L (Te )i
& -
which can be written
1
& . (Ts/ ﬁr)ﬁ
o - (T -4
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K aaid

Substituting for Ts/Tes and  To /Tes  into (A-8)

1

r-4 LANTY

. [L- T MY
2
i

2
p,"a" can be written in terms of the equation of state

and the speed of sound at sonic velocity.

ealr’ = ( )(r& RT")
which can be written

P;a.f'z =¥ (—%) Pes

Since P,' corresponds to static pressure at M = M a ),

then,

Y
2
oot = ¢ )ﬂ Pes

Substituting for fg//}' and p,'a;‘ into (A-3)

7+ 4

_¥-4
a2 a2 M T:

728
Simtlar to P™ a,*

4
L L 2 \T1
P’ ao - x( x* 1) ptg
Dividing Py O "M by p.% ot

¥-L =
fs QK’MJ.Z - 1 - 371 Ms‘z 1 ps M el
[ ajr* 2 Peo 6

i
M. *
From continuity and remembering ¢ =1

PilAs Ve= P ALY,

Al
A, CsVvp
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Tt o ——

\

Substituting for \/_; and V‘,;

\

As . £ Mol
AT b MEo] -3

Stace T =Teo , therefure Q=Q7 , hence

As .. . €.
A, s Mg

Subltituting for (P‘/P‘b)/(ﬁ/ﬁa) in (A-S) and noting P“: Ft.f

As . ( o "
Ae { - X1 MIL\

F]
Vi M

Substituting into Equation (A- 2) for
fa M
p " Q, »e
snd A /A, , the result is
Cpw 2t Mgt
Pto

and substituting for M

cor Rl - G

It is seen that C, 1s a function only of the required

dischaige totsl pressure iatio. 1In particula:. Cy 1s
independent of the smount of heat supplied. By specifying
the desired output pressure ratio, Rs/P:, , the required
Cy 1s determined.

Power-momentum coefficient

The ratio of the powsr coefficient to the momentum coeffi-

cient defines the power-momentum coefficient,

Coy = E_f_ - PiAIVJ O..“ Cy ATA
M Cw  EsAgVet aft
th

My AH 23]
Cm = mz" rﬁs V; a,’
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CPN = — A_‘_‘_‘.Tg_i:’___. (A-6)

-(;1‘ eijvea,t
AHQ = Cp(quic "Tt‘)

AH, = cpTe, 5 ({L)'?- 1}

gubstituting for AH, and Vs 1n (A-6),then Cpy beccmes

Cow = ¢p Tto {(W:Y?l" 1} LQJ
(;’,*l)a, Mool

also
ZQJC!-r(o - ZSJE ‘th (A-7)
a;®a.f (3 aRThy )" (45 R T)N T(rs1)
Therefore
(A&‘) _ 1 \'H
(A-8)

l)nMs

rearranging end subetituting in (A-8) for Ti, /T, from the

energy equation (A-31)

9 B
T e

Heat-momentum coefficient

(A-9)

The ratio of the heat coefficient to the mementum coefficient

n




- ey ———.

defines the heat-momentum coefficient,

_C e AV af ATy
Con = T = BRVE S et
297

Cqm = M3 ‘_4$ZSJ

ﬂl; + 'F'; V: a.f

. 0% 297
Can (x+1) agMFar

A% =Cp (T‘-h -Tf-o;)

Tt Tt
L .t
ag = (g - 7
Since there is an iaentropic relationship between szate O
and {e¢ , then A% becomes

vy 05 | cespusc—

0 ) Tee T\ Peo

oo - ()

Yollowing a similar subscitution for _2aJcr Teo
(A-7) Com becomes:

Com = (A-10)

Rearranging and substituting for Tt; /7;, from the energy
equation (4-31)

Com - ‘E:L!'(M:”)-‘
oy ry) ey v

.’T; PQ. T [
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It is noted that the following equation can be written fin-

volving Cou and Cpy from (A-9) and (A-11).

Cm . caw By
{(517'»)“]1? {%‘(gﬁ)!"} {(¢+1)(u1"_%)}'/r-.

Consider the case vhere P, /R, , T, /T, , snd R;/R, are fix-

(A-12)

- e

ed. Thie aquation shows that under these conditions Cp, and Ceu
will be a minimum when the mass flow ratio, /M=% , 19 & maxi-
mm. Also, it is noted that this equation is invariant for both
the constant pressure .nd constant area cases, although the maximm
value of X may differ in the two cases.
4. Rfficiency

Another performance parameter of some interest is the mech-
anical efficiency which {s, of course, based on energy considera-
tion, namely,

- Pinsl avsilable energy (Isentropic)
T Initial available energy (Isentropic)

me (Hs-As) _ 6 AsVe V%237
'h‘ A HG e‘ Adj .' Cp A-E
1 - Ve - - = Vf
Tt BAVE UFiT " G a7
€sAsYs Ve af/2e T

Mo ®

0s* Ve { Tes” i
Nus ——="— = = [ 22 y»
T CmaFar Com 1 Teo Ms
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Substituting for Cpy from (A-8)

N, = M
l Substituting for Tis /Teo from the energy equation (A-31),

( -|) ”‘Ql T .
Y, = (x + o (A-13)
8 i(pg'.)l' -li ..)

Since, fg= R, » then
- .‘ p(. ‘;L
et -1 - ()
Substituting for ?.‘x‘,%‘,'fMg' into (A-13)

Therefore:
A\
1~ (22) T
My = L,:—E‘L—]-(u L) (A-16)
[ | {(_P_:.) 7.1 } Tae

This equation shoys that 7], , like the other performance
pu-ntcru, will be optimum when X Is & maximum for specified condi-
tions of pressure and temperature.

3. Development of coiutnnt pressure jet pump theory
An explicit solution to the equations of continuity, energy, and
momentum is possible vhen the following parameters are considered fixed:

Brs / the ratio of the demanded discharge total pressure to
s /P the ambient pressure.

R./R the ratio of the orimary (jet) total pressure to
H1 %o the ambient pressure.

T /T the ratio of the primary (jet) total temperature to
- el Tte the ammbient teaperature.

M.’ the dimensionless secondary nlocity.h
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The usual isentropic relationships are used to solve for conditions
in the primary (jet) system and in the secondary jet system up to the
mixing tube enirance.

The critical value of M: for choking of the primary nozsle can des

determined from the isentropic relatiomships

v
i v-1 t]
- e |t-we ™ @-15)
- 3
P LS Nl B ]
.ﬁ;’ Pu‘ _1 1+l ‘J (A-16)

. - »

Yor sub-critical flov, M, < 1.0 and M, <M, , the prizary
flow is unchoked and R = P, , M-g. fs the eritical secondary velocity
ratio at which M: becomes sonic for supply pressure ratios less 1.89.

Meltiplying f,_/Pe. by Pc./ﬁ from (A-15) and (A-16) results in

e TT
- =
© * 3
(A-18)

At critical conditionr, M: =1, M:- M:‘, y 60d Pac= f:.
It s possible to determine the critical M, as s function of R./R.-

from (A-17)
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T-4 2
7 Y- g
o () = oS M

. » G
+
Miy o | Jet [1 - A (—%L) 7 ]} (A-19)

»
For super-criticel flow, M; =1, M:>Mz,, and Pe b . For
»
supply presvure ratios, P.;/Pg. » Ereater than 1.89, Mg = 1.0

»
for all conditions. Tuis renders thea concept of Mur mesninglzss

and 'P,, is not equal to p , specifically ﬁ,t f. .

BN
-ﬂt-ﬁ--[i--%i-M;J

Sincs M; = 1.0,

_% . (‘73"{‘:1!‘ (—-&:—) (A-20)
#- -]

The basic condition for constant pressure mixing is:

f; s Py (A-il)

Therefore _%:. - (_ﬁ‘){%.:) since Pﬁ, = Ry
Substituting the isentrop.c relationships for f,_/ R, and Pu/ a.

( oo R, ) sad ratsing to the lti!. power.
" l}*— nd
- = (BT |1 ]

.
fence M, can be deterained froa
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{A-22)

Analyzing the Equations SA-IB) and (A-22), it 1s seen that M; and
M: are fixed vhen R./F.. , R¢/R, and M: are fixed. Tu/Tee does
not sppear in either equation,

The three basic equations that have to be satisfied for constant

pressure mixing ( ‘P; - f4 ) are continuity, energy snd momentum,

Continuity:
Mg+ My = I, (A-23)
Ensrgy:
myH, + mH, = mH, (A-24)
Homentun:

(Ma+ i )Vy = (Fngs + 1, y) = tps- o)y (a-29)
It {s noted that the resultant pressure forces in (A-25) are

sero {n the constant pressure case when My=1 end M:‘ M;. since P2 3.
Vhen M: = 1 and M:> M;:, then A< Ps . The continuity equation

(A-23) can be rearranged as follows:

R

1.01-..-..& Ay

Let e A ﬁ\;/'h.

g0, M’ .
- b A wi b
M; al

_}: = kut)_g-: Td"%.” (A-26)

7




and from the isentropic relationship:

L e o —— A -y T
— _. - ’
.

by I
s Tee
i - &l T;-l p‘t. ‘rf []
_B_, Pes Th ( 1'9
nl te [ 1

P‘ _1-: to-é'
» ;
& S FRE @R

Substitating for ﬁ‘/ﬂ; end Q4/0F into Equation (A-26).

Y -
C geeopt i R

1t will de shown from the encrgy equation (A-31) that;

Substituting for 'Eq/ Tes , then A;/A. brcomes;

| . ‘ L ‘ -‘7& .
gl F gl e

red
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This 18 the dimensionless form of the cortiri.uy equazinm.
»
Similarly replacing M, by MS and ncticg that Tes s Tey ané Ge-Ra

then;
i
't" R { - -1 M't 1T .
= (241)( Ly 2 et T L My -28)
'%: [ (F )} _:g,zf‘lt)q'{i'iqt-mﬂj NE 2
Similarly for Al./Ag replacing M: by M:- d
+ B e Lo
- (’l*’i}..uwxﬂ __F MR i T G VPO
%: [ Teo _Ea (;t.)i_ Yol ’

From the mass flov ratio L , it {s possible to determine A;/A;
»

7 = Fa A"Q:'Aﬁ
%' * A1 Ajay M;
and:
.‘r
—_ M
= ;%.:ﬁ 1 r'r b M )
TT- l+1 4 :

Consider the energy esquation, (A-24).

o Tor 4 MycpTes = My ¢pTha

M T 4+ MaTiy = My Tas

ﬁ‘-«’- Ju - (m‘q-t.)%f—

ta

The non--!mensional foru of energy equation is

Te = T
(Ttu + 7-) = (L+ %) o (A-31)
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velocities and rearranging

Dividing both sides by m, QA5

» » ) » » . » [ ]
LMy, (-ggzﬂg?w . Lfi‘%‘}é‘ = (1+ fz)4 M4

fﬁ! - Ps) A!
D= ar
D can be expressed as follows

D.(i;i%;_aﬁﬁq
ou (- B) B gy [1- ]

Por M:‘. 1 md M:‘ M:c, » Pa= Ps; therefore D.0

Dm(4- %38 k- = (- 5)RtRD 4

For Mg= 1 and M,"> M:cr » Parh Pa.

Thecefore:

D- (‘%rd .[ru]*"o
o o - B
- -3

80
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Kow concider the momentun equation (A-25). Substituting for the

My @3ME 4 P AEME o (py- pa) Ag m (Mg 4 )M

(A-32)
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agmh o CeEE . vl ey

_."__v‘.._f
e

A
-

Lat

A L 4
3 -_'..{1—(1'%'1!“:2}:1 R‘}
Z
¥ & R‘
T
DeyR S
Substituting into Rquation (A-32), the dimensionless mowentum equation
is

Tet o * * Ted - Tes 2p %

By fixing Rs /R, , Ri/R,, Tea /Tt , and M:. it is possible to
obtain an explicit solution from the continuity, ensrgy, and momentum '
equations since there remains only three unknowcs ¥ , Tee/Tt,, and Ag/A;.

The energy and momentum cquaéiono are solved simultaneocusly for

¥ end Ty/Tt,. By eliminating Tey/Tt, between the two equations, the
following qundritic is obtained.

(- w)r% (B )ue -2 [FEW s e B 2 g0
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This equation can be solved by using the quadratic formula

-bt b -4ac
. s B e
; 2a
oy

» vhere
L L
a s M:" Ml*

| | ba B o My - zE’}M&’(ML £)

e Ju W (s 5)3

-+

Once % is determined, then Ty /Tto can be determined from the energy
equation and A/Aj can be determined from the continuity equation. In

additicn, it is now possidle to determine the area ratios Ag/A;, Ad/A,.
and At/A. .

4. Development of constant area thacay:
' This development was provided by Dr. Cawain in Reference 2. Basi-
cally, it is a process to non-dimensionalize the equations of continu-

ity, energy and acaentus. These equations are initially !a the follow-

ing fora}
’ Continuity;
My *thy @ hy (a-3)
Energy!
myHa ¢ myH; = rmy He | (A-35)
, Moaentunt

""MVQ - l‘h.Vg - ﬁ!,V; - f‘A‘ + ﬁA, et ﬁA‘ (A-36)

.
.+ th e
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i
‘ ,
: snen. ks e il

Y

-

'""t. consider the continuity eq:iy .:: {-34). Bxpanding this
equation gives the relationship:
RAM 0 + QA MM - %AMSa}
It must be understood that A, *AjA, for the convtant azes case.
The general relationship for the ratio of ssss flow rate to the
area is: oo
/A= eV patM = £ g arme -)
Using the isentropic relationship for the dens!ty ratio and expanding
Q" yields:

/A = {I -%{-M"Iﬁq’-%:{—‘%-ikﬁ}&m'

2% %.
K= S(Nﬂs Qz
The final form of Equation (A-37) ie:
§
M/A = K R(TTR (1= 5t e
It 1s convenient to define a velocity function H(M*);
€ e - oy
PMI= g M = (1- M) M

Solving for the mass flow rate gives:
th =K AP (T oM™ (A-38)

Now subetituting Equation (A-38) into Equation (A-34).

KAy Pea ()™ O0M1 # .8, Ry (T K0 = K AR, oM
It can be seen from Figure 2 that the total state conditions at gtations
1 snd 3, and stations 0 and 2 are equal. The preceding equation is
son-dimensicnalised by dividing through by KA, P,, (T,.)‘& . This

results in the final non-dimensionsl form of the continuity equation.
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The energy equation (A-35) for tha constant area jet pump can be

expanded to yield the relationship:

SR 'elAlvAQKl * ATy - €4A4V4 ¢ Taa (4-40)

Ia genersl, ths tamm QV'Q can be expanded into tha form:
AN %; MR =Tk ee A" P(MY)
and, "
ea'= (b Aot e kA
Therefores
eVTe = K R (T (M)
Substituting this relationship into Equation (A-40) and non-dimension-

alising in the sane manner as before results in the final form of the

energy equation.

* . \ * R rﬁd ®
5¢(M|) * ‘&i ‘1'-{: ¢(M;) Ll (l’ﬂ) E -?;"c’ ¢(M1~ (A-41)
The spreific heat at constent pressure ( ¢p ) is assumed to be constant.
Pinslly, eonsidering the momentua equation (nimtng steady, fric-

tionless flow and the velocities are uaiform at atations 2, 3, and &):

MVl = gV - iV = pide + puA; - oAy (-36)
8

- b e,

B i

1]
e T

o e i B b e e o o o

s g -

3o A i+ e oA

e M it e
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Rearranging and substituting for m  and Ay gives;

A (?x ezv )+ A (Ps (’:V )'(Az'k;’(fh’ﬂ#)

Pow eccnsider ( 'P eV‘) in genersl. This factor cea be expanded to

yield,
) peeVie pr ke—a vt e p(L iy

vhers

Zf -r! Mll)

- .z"
N
-(1#‘-i M.‘)-éx

Therefore;
]

2 MY L PR S PIVLL
peovt= G i - R {LeRi I {eewd
It is helpful to define ‘-P(W) as;

w(Ml)’{ %%M }T—'il Mnli
go the final form of the term( P+ eV‘) is2

s
1
‘ | prpVie Ry

gubstituting Equation (A-42) into Equation (A-

sing yields the momentunm equation:
ypMn + Ly = (1 gy B (M)

From the contiauity equation,

: to de;
, \ g( M
m.,/m, L4 x 3 pt\ Tto M3

(A-42)

36) md aon-dimensiocnali-

(A-43)

the mass flow rstio is datermined

i ¢ asr

s o v e oy = et 2 gt s

v et i £ Ty
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KT e ot e e s e e o

B B R G e b e < vt b s e

o,

And from the energy equation, the mixing tuba discharge temparature

ratio 1is¢

..T.tﬁ.. X+ Te/Tta
Tto - x+ 4 (A-43)

Dividing iquation (A-41) by Equation (A-43) results ia a quadratic re-

lationship in terms of M .

&4
gm, ,—* Yo (MY » 5 Vit (MM
M4 Tee { \P(M{).p R: :',(M.Q) j (A-46)

where,

_BM&) M
PN~ T+M3*®

It can be shown that the right side of Equation (A-46) must be

equal to or less than one-half, Let,
»
» M4
FM) = o (a-47)

Teking thé derivative of this function with respect to Mf.
JEMS) L -M
dME L MT
utting the derivative equal to zero and solving for M. yields,
M -{
Choosing the positive root and substituting into Equation (A-47) gives

the maximm vslue of the function £(MJ).

)[(M".)mu = ‘/2:
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Therefore;
fM)= /s
This condition i{s & limit lor the constant area case.

Solutions for optimm constant area jet pumps are contained in
Appendix C. An iterative procedure vas used to satisfy the boundary
condition that Pis /Pio must equal FPis/Pio . This was sccomplish-
od by varying the area ratio A, /A; until Py /P was equal to
the specified value of Rs/R, . It {s emphasized thut each lines of
the computer results represents the optimum pump of a family of constant

area jet pumps.
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APPENDIX B

itemized cost estimate

The following pages show the fteaized cost estimate for various

test facility configurations. The nuxbers for each item up to item 22

corresponds to the numbers shown on FPigures 26 through 34. The lgbor
estimate was mede by Mr. Robert Besel, Laboratory Suparvisor for the
Asronsutical Engineering Department,

Material estimates were solicited from numerous companies. The
code used for denoting the company is as toliowl:

Company

McMaster-Carr Supply Co.
Ducomaun Metals and Supply Co.
2eliance Steel Co.
Meriam Instrument Co.
Pacific Metals Co.
Ryerson Steel

Ceneral Controls Corp.

geRzEREEg

United Sensor and Control Corp.
The total cost estimates ire included in the following itemized

cost estimates.
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Labor Estinate N |
Man lo"xr:
1. Drill and tap flenges for primary systea 7 TH
2. Install mass flow orifice platas and flangss ? .
3. Padrication of nozsles 90
&, Taebrication of mixing tube sections 108 ";
+ 3. TPedbricaticn of bell-mouth snnulus’ 48 f
! 8. PFabricaticn of secondary air plenum | 32 {
g 7. - Drill and tap flanges for secondary systea :
; 8. Install dutterfly valve 4 i
; 9, Tadricate aixing tubé stanchions 6 '
E 10. Pedricate handling cart 1‘ ‘-" !
| 1. Assemble ccuplete systom and hook-up instrumsntation 42 " . R
! Total estinasted man hours 362 ] .
i
|
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APPENDIX C

Computer Results

|
{
1
i
{
4
|
¢

This eppendix cont2izs computer solutions for a set of Cpticum !

i
constant area 223 constant pressure hested jet pumps for the condi- ]
tions specified. Rach line of data represents the parsmeters defining
one optimm pump. The momentum coefficient i{s constant for each page
of data.

Also included 19 s sample computer program end solutiocns for one
jot pump with a fixad area ratio, AzlA3 = 2,16, and fixed supply
conditions. Rach li{ne represants the theoretical performance for the
conditions specified.

The symbols used in the computer programs are as follows:

PISPO = the ratio of the demanded discharge total pressures
to the ambient pressure.

PoPm = pressure ratio, station (n) to (m).

ToTm = temperature ratio, station (n) to (m).

Ankm = gres ratio, station (n) to (a).

SACER = velocity ratio (M*) at station (n).

TT5T0 « ratio of the discharge totsl temperaturs to the
enbient temperature.

W) = mass flow ratio, secoudsry to primary.
o s ¥ , ratio of specific heats = 1.4,

» rho, density.
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